Abstract We stabilized the frequencies of two independent Nd:YAG lasers to two adjacent longitudinal modes of a high-finesse Fabry-Pérot resonator and obtained a beat frequency instability of 6.3 mHz at an integration time of 40 s. Referred to a single laser, this is 1.6 × 10 −17 relative to the laser frequency, and 1.3 × 10 −6 relative to the full width at half maximum of the cavity resonance. The amplitude spectrum of the beat signal had a FWHM of 7.8 mHz. This stable frequency locking is of importance for next-generation optical clock interrogation lasers and fundamental physics tests.
The two polarizing beam splitters (PBS) before and after the optical fiber are used to set the polarization of the lasers. The BS between the vacuum AOM and the cavity sends a part of the input wave to a photodetector where the beat note between the two lasers is generated, and a part of the waves reflected from the cavity to a photodetector for PDH signal detection.
The laser powers on the detector are about 60 µW for each laser.
The optical setup used in this experiment was designed to be relatively insensitive to the surroundings. First, the essential part of the optical setup is built inside a vacuum chamber, which eliminates the influences of air, whose fluctuations influence the optical length, the beam position, and the residual amplitude modulation (RAM) on the detector. Second, the optical paths of the two lasers are identical between the cavity and the beat signal detector, which decreases the requirement of the stability of the optical length by a factor of ν/f , where ν is the optical frequency of the laser and f is the frequency of the beat signal [19] . Third, to reduce the influence of the deformation of the evacuated vacuum chamber by the pressure of the surrounding atmosphere, the internal optical components are mounted on a breadboard placed inside the chamber. Copper mesh is used to decouple the breadboard mechanically from the chamber while providing a thermal link between them. This approach ensures that the optical setup will not be misaligned upon evacuation of the chamber.
The standard PDH technique is used to stabilize the frequencies of the lasers. The phase modulations are applied directly to the lasers via piezo- Hz. The laser locking bandwidths of about 30 kHz is limited by the first strong electro-mechanical resonance of the PTs. Figure 2 displays the suppression of the noise by the locking system and demonstrates that the main noise in the system is from the laser. The laser intensity noise and the electronic noise will be transferred to the frequency noise of each laser when its frequency is locked; therefore, these noises lead to a lower limit for the short-term frequency instability of the lock.
Because the two laser waves propagate through the same optical fiber with the same polarization and are coupled to the same spatial mode of the cavity, the noises introduced by the optical fiber and the thermal noise of the cavity are nearly common-mode. The frequencies of the lasers differ by one free spectral range of the cavity (1.78 GHz). The beat signal of the two lasers is mixed down to about 50 kHz by using a synthesizer (Agilent to a lock instability for an individual laser of 1.6 × 10 −17 assuming the two systems being very similar.
The limit imposed by the laser noise and the frequency locking system can be estimated from the noise spectral densities shown in Fig. 2 (red line), because these noises will be transferred to the frequency noises of the lasers when the laser frequencies are locked. Figure 2 (red line) shows that the noise spectral density is nearly frequency-independent (white noise), with a value of about 65 mHz/ √ Hz. From this value, a lower limit for the Allan deviation of the beat frequency can be derived. In order to estimate the noise spectral density under lock, where the power on the detector decreased by about a factor of 4, the contributions to the noise were analyzed: (i), electronic noise (3.7 mHz/ √ Hz, gray dotted line in Fig. 2 ) was much smaller than the total value (65 mHz/ √ Hz), (ii) the (theoretical) shot noise of the laser at 15 µW contributed a frequency noise of only 0.6 mHz/ √ Hz. Therefore, the total level (red line in Fig. 2 ) is mainly given by the excess noise of the laser and, furthermore, it is expected to be proportional to the laser power, P . Assuming this relationship, the lower limit of the Allan deviation is estimated to be 16 mHz (τ /1 s) −1/2 , which is indicated in Fig. 3 (b) as the blue line. This value agrees well with the measured Allan deviation of the beat signal (17.4±0.3 mHz at 1 s). This result indicates that our locking quality is limited by the excess noise of the laser, the major contribution to the red line in Fig. 2 . The relatively large intensity noise in our experiment was due to the choice of the relatively low modulation frequency (ca. 3
MHz), which was not sufficiently far away from the relaxation oscillation frequency of the laser, ca. 400 kHz.
We also checked the limitation due to the frequency measuring system (FMS), excluding the contributions of the lasers and the frequency locking systems. It was estimated by replacing the beat signal of the lasers with another synthesizer (Agilent E8241A) which was phase-locked to a hydrogen maser. The obtained Allan deviation is shown as the green dashed line in Fig. 3 (b) . At the integration time of 0.1 s, the instability of the FMS is close to the Allan deviation derived from the noise level (blue line in Fig. 3 (b)), which suggests that our result is limited by the instability of the FMS at short-time scale ( 0.1 s).
Apart from the limit occurring at short integration times, the long-term stability is also limited and degraded due to drift of the beat frequency.
This causes the appearance of a minimum in the Allan deviation. For example, the drift of the beat frequency was occasionally as high as 2 Hz per hour, which in combination with the instability behavior on the short-term, would lead to a (worst-case) minimum of 12 mHz for the Allan deviation.
Sometimes, the drift of the beat frequency was very small, e. The green line is a Lorentzian fit to the experimental data (red points).
s − 540 s in Fig. 3 . In such cases the minimum Allan deviation of the beat was as low as 1 × 10 −17 at an integration time of 100 s, as shown in Fig. 4 (a). The corresponding spectrum, obtained by recording the waveform with a DAQ card and performing a FFT, is shown in Fig. 4 In summary, we reported on a high-performance laser frequency lock system. By using an approach that avoids the influence of thermal noise of the cavity, we could characterize the lock performance at the mHz level.
The locks operated at the intensity noise limits of the lasers and reached a minimum instability of 6.3 mHz (1. 
